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Abstract

23
An electromagnetic tool working in the medium frequency range allows the 24 determination of both electrical conductivity and dielectric permittivity of soils with a single 25 measurement. It brings information about different state parameters of soils, especially their 26 water and clay contents for a significant volume of investigation. To investigate these 27 properties, a medium frequency range EM prototype, the CE120, was built using a PERP
28
(perpendicular coils) Slingram configuration with a working frequency of 1.56MHz and a 29 fixed coil spacing of 1.2m. This configuration was chosen using modeling with the purpose of 30 measuring electrical resistivities up to a few thousands ohm-m and relative dielectric 31 permittivities as low as 2. These thresholds match the expected parameters in the medium 32 frequency range. Moreover, the CE120 characteristics allow for an investigation depth 33 between 2 and 2.5m, depending on the nature of the soil. The prototype was tested on two 34 different soils: sandy alluvia and clay-loam soil. The electrical conductivities of the sandy 35 alluvia can reach 10000m, which is close to the detection threshold of the CE120.
36
Consequently, the measured dielectric permittivity only includes high frequency effects 37 (dielectric polarization) and can be converted to apparent volumetric water content. For the 38 clay-loam soil, both the electrical conductivity and dielectric permittivity are measured and 39 the volumetric water content in this case is obtained using an empirical relationship 40 previously established in the laboratory on known samples. In both cases, the obtained results
41
are coherent with the direct mass water content measurements.
Introduction
47
The electrical and magnetic properties, such as the electrical conductivity, the 48 dielectric permittivity and the magnetic susceptibility are frequently used to estimate different resolution are determined by their geometrical parameters (mostly coil orientation and inter-60 coil spacing). In this frequency range, polarization processes occurring in the ground cannot 61 be measured due to the dominant conduction processes, with the exception of measurements 62 taken over very resistive terrains (Huang and Fraser, 2002) . In the high frequency range, 63 dipolar polarization processes, due to water presence, dominate. The measured dielectric 64 permittivity  is thus directly linked with the soil volumetric water content. This frequency 65 range offers high resolution, but measurements cannot be performed on conductive soils, such 66 as clay rich soils, where attenuation is significant (Walther et al., 1986; Knight, 2001 ).
67
The interest in developing devices working in the medium frequency (MF) range is 
85
(1994) developed a prototype measuring both vertical and horizontal magnetic fields with 86 frequencies ranging from 800kHz to more than 20MHz. In the two field surveys they 87 mention, they use inter-coil spacings of 1, 2, and 4m in order to determine the electrical 88 properties of the first 5m of soil. The use of these various spacings raises some important 89 issues about assuring an accurate loop orientation in the field, leading to the increase of 90 uncertainty in measurements. This issue, added to the temperature and electrical cable drifts, 91 decrease the accuracy of the primary magnetic field. Normalized fields can't be calculated; 92 instead the tilt angle and ellipticity of the magnetic field polarization ellipse are used to 93 determine the electrical parameters. Moreover, if their results are promising, Stewart et al.
94
(1994) encountered some technological limitations for: (i) spacing larger than 3m, leading to 95 low signal strength, (ii) frequencies higher than 20MHz, and (iii) the inversion process that 96 required 20 hours of computation for 18 measurement stations. Bourgeois and Lenain (2002) 97 propose a similar approach with spacings ranging from 2 to 32m and frequencies that can be 98 chosen between 391 kHz and 12.5 MHz. If the signal strength in the higher frequency range 99 and the speed of the inversion program has been improved, the issues regarding the loop 100 orientation in the field and the measurement speed are still real.
101
We propose a novel approach using a fixed Slingram geometry allowing a better For the frequency ranges, we adopt the International Telecommunication Union radio 108 regulation rules: Low Frequencies (LF) for 30kHz < f < 300kHz, Medium Frequencies (MF) 109 for 300kHz < f < 3MHz and High Frequencies (HF) for 3MHz <f < 30MHz.
111
Definition of the prototype's characteristics 112 We choose to adapt the Slingram configuration technology, using a transmitter and a 113 receiver coil, originally developed in the LF range, for the MF range. In fact, another 114 development path would be to design an electrical field sensor, but this type of sensor is too 115 sensitive to changes in its elevation. To reduce this disagreement the use of electrodes stuck in 116 the ground is necessary. This practice will greatly decrease the measurement speed and the 117 production of maps at a field scale would be thus limited. Moreover, our laboratory acquired 118 lots of feedback in the low frequency range, developing prototypes using Slingram geometry.
119
Since the secondary fields measured in the LF domain are smaller than those expected in the 120 MF range, the mechanical design conditions are much more drastic in the LF frequency range.
121
Our knowledge in the development of EMI devices should ensure the construction of a 122 mechanically robust and well-adapted instrument. The goal of modeling is to evaluate the value of the secondary magnetic field ⃗⃗⃗⃗ 130 created by the ground, normalized by the primary field ⃗⃗⃗⃗⃗ emitted by the transmitter coil T x .
131
Tabbagh (1994) showed that the influence of the magnetic permeability  is weak in the 132 medium frequency range; its value is thus taken to be equal to the magnetic permeability of 133 free space ( =  0 = 4. 10 −7 / ). The primary magnetic field in the air is determined 134 using the quasi-static approximation. Indeed, at 10MH and for a 1m inter-coil spacing, the 135 difference between the total primary field and the quasi-static primary field is equal to 2% or 136 less. For a moment of the transmitter coil equal to 1, the primary field is thus equal to
138
For the determination of the secondary field, in this frequency range, the displacement 139 currents occurring not only in the ground, but also in the air must be taken into account 
147
(ii) in the ground, the total electrical potential satisfies the equation:
The magnetic field can thus be expressed as a function of the electrical potential :
151
In the PERP configuration, using the Hankel transform, the ratio between the secondary and the signal to noise ratio is thus improved. The prototype is named CE120: C for conductivity;
169
E for epsilon (the Greek character symbolizing the dielectric permittivity); 120 for 1.20m (the 170 inter-coil spacing T x -R x ). The first in situ measurements were performed using a 1.56MHz 171 working frequency, but it is possible to reach lower and higher frequencies with the same 172 coils. The height of the device above the ground is equal to 0.1m.
173
The response of this chosen configuration to electrical resistivity and dielectric 174 permittivity variations is presented in Figure 2 for 
195
The adopted configuration is thus well suited for the simultaneous measurements of the 196 electrical conductivity and the dielectric permittivity at 1.56MHz.
198
Influence of the investigation depth 199 We want to design a device that measures the apparent electrical conductivity and 200 dielectric permittivity of the shallow subsurface, for a volume of soil being at least 1m thick.
201
To check the investigation depth that can be reached with the chosen characteristics of the is even emphasized when the measurement's frequency is becoming lower. With our 216 prototype, we are able to detect a thin resistive layer until 2m. This result is promising in 217 terms of detection of resistive targets using medium frequencies.
218
The chosen properties for our prototype looks optimal not only in terms of range of to double check this result and to determine the zeros of the prototype (the offset variations 237 that are mainly caused by the internal electrical noises of the device), a second 238 experimentation is led, where the response of the CE120 for different elevations is measured.
239
The theoretical response of the prototype is calculated using an electrical sounding at the The prototype has been tested on two different soil types: sandy alluvia and clay loam.
254
The objective was to determine the ability of the CE120 to detect water content variations first artificially: the center of the plot was covered up using a 6×8m canvas sheet during 6 months 283 before any measurement was made. The measurements were made during the dry period (in
284
May) and half of the plot was sprinkled during 6 hours prior to the recordings. Three different 285 zones, corresponding to three different water contents, were created that way. The 286 measurements were taken every 1m, leading to 160 measurement points on the plot.
287
Besides measurements with the prototype, the electrical conductivity was also the boundaries between areas with changing electrical resistivities.
306
The apparent dielectric permittivity was also determined using the CE120 point, we obtain a mean apparent dry density equal to 1.3g/cm 3 . Indeed, the relation between 333 the two water contents is equal to:
335
Where is the mass water content over the dry specific mass; is the volumetric water 336 content; is the water density and is the apparent dry density.
337
The calculated mean apparent dry density is in good agreement with apparent dry 338 densities found for sandy soils (Donahue et al., 1977 
362
The same variations can be observed on the electrical conductivity map calculated 363 with the CE120. However, the electrical resistivity values are higher than those measured for 364 the DC electrical resistivity and the contrast between the bare soil and the wheat cover in May 365 is weaker.
366
The dielectric permittivity map shows the same patterns. context, where the amount of clay is reaching 20%, these values can be expected at 1.56MHz.
373
To confirm these results, laboratory measurements, using a capacitive cell coupled with a 374 frequency response analyzer (Kessouri, 2012) , were made on samples collected on site
375
( Figure 11 ). The relative dielectric permittivity of the samples was evaluated at 1.024MHz 376 and 2.048MHz for different volumetric water contents. Depending on the water content, the 377 dielectric permittivity ranges from 3.6 to 367.3, respectively for a dry and saturated sample. 
383
This expression is used to determine the apparent volumetric water content of the soil 384 in situ (Figure 12 ). In March 2011, the apparent volumetric water content is fairly 385 homogeneous and equal to 31% in average.
386
Measurements of the mass water content were also performed on two different 387 locations (P1 on the wheat cover and P2 on the bare soil) of the plot (Figure 12a and 12b) .
388
The mass water content versus depth appears to be constant and equal to 21%. Using these 389 values of volumetric and mass water content in equation (7), we found an apparent dry 390 density equal to 1.5. We used this calculated apparent dry density to evaluate the mass water ). The thin mobile 636 layer has a thickness e 2 equal to 0.1m, a magnetic susceptibility of 30. 10 −5
, a relative dielectric 637 permittivity equal to either 5, 50 or 100, and an electrical resistivity equal to 5 for the conductive 638 case (for a) and b)) or to 500 for the resistive case (for c) and d)). The striped area corresponds to 639 the area where the variations of the ratios are no longer detected if the detection threshold is fixed 640 to 100ppm. The grey area corresponds to the detection threshold area around the medium ratio 641
value when e 1 is significant. 642 
